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Transsynaptic Reduction in N-Acetyl-Aspartate in
Cerebellar Diaschisis: A Proton MR Spectroscopic

Imaging Study

Michael J. Fulham, Mark J. Dietz, Jeff H. Duyn, Henry H.-L. Shih, Jeffry R. Alger,

and Giovanni Di Chiro

Objective: To determine if the transneuronal cerebellar hemispheric meta-
bolic asymmetry seen in crossed cerebellar diaschisis, and readily detected
with positron emission tomography (PET), is associated with alterations in
metabolite signal intensities on ["H]MR spectroscopic (MRS) imaging when
compared with the normal pattern and distribution of cerebellar metabolites.

Materials and Methods: The pattern and distribution of metabolites
[N-acetyl-aspartate (NAA), choline-containing compounds, creatine, phos-
phocreatine, and lactate] in the cerebellum, using ("HIMRS imaging, were
studied in a patient with documented long-standing (3 years duration) crossed
cerebellar diaschisis and seven normal subjects. Cerebellar diaschisis was de-
tected with fluorodeoxyglucose-PET imaging. Single slice ["HIMRS imaging
was carried out at 1.5 T.

Results: There was a marked reduction in NAA signal intensity in the dias-
chitic cerebellar hemisphere but minimal reduction in choline and creatine
signal intensities. The decrease in NAA signal intensity was most marked in
the middle cerebellar peduncle and white matter of the diaschitic cerebellar
hemisphere. In the normal subjects and in the uninvolved cerebellar hemi-
sphere of the patient the NAA signal intensity was more prominent in the white
matter than the cerebellar cortex.

Conclusion: Our data indicate (a) transneuronal metabolic effects can be
detected with ['H]MRS imaging and (b) there is a differential distribution of
metabolite signal intensities in the cerebellum with NAA signal intensity pre-
dominantly localized to axons of the cerebellar fiber tracts rather than neuronal
cell bodies in the cortex and the converse is true for choline and creatine signal

intensities.

Index Terms: Cerebellum—Diaschisis—Magnetic resonance spectroscopy—

Proton magnetic resonance imaging.

In vivo metabolic imaging of the human CNS un-
til recently was the domain of positron emission
tomography (PET) and single photon emission CT
(SPECT), but with the development of techniques
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such as 'H and *'P magnetic resonance spectros-
copy (MRS), cerebral metabolites can be assessed
with nuclear MR (1-9). Spectroscopic imaging
methods are a further advance because they allow
simultaneous acquisition of spectra from a large
number of voxels within a tissue section. These
spectra may be displayed in a tomographic format
to depict the regional distributions of metabolite sig-
nal intensities. We recently reported the distribu-
tion and alterations in the four common metabolite
signal intensities [N-acetyl-aspartate (NAA);
choline-containing compounds—choline; creatine/
phosphocreatine—Cre and lactate], which are iden-
tified with ['H]MRS imaging in a large number of
patients with brain tumors (10).
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Our aims in this study were (a) to determine if the
metabolic asymmetry of cerebellar diaschisis which
is detected with PET (11-16) is associated with al-
terations in metabolite signal intensities on
['"H]MRS imaging in a patient with documented
long-standing cerebellar diaschisis, and (b) to exam-
ine the distribution of cerebellar metabolite signals
in normal subjects.

SUBJECTS AND METHODS

All subjects were studied under protocols ap-
proved by committees of the National Institute of
Neurological Diseases and Stroke at the National
Institutes of Health (NIH). Informed consent was
obtained from each subject before participation in
the studies.

Clinical Data

The patient was a 38-year-old right-handed man
who developed CNS and retinal toxicity after intra-
arterial chemotherapy for a malignant glioma. A left
frontal lobe glioblastoma multiforme was diagnosed
in the fall of 1988 after a short history of severe
unaccustomed headache. Partial resection of the tu-
mor was performed in December 1988 and the pa-
tient was referred for participation in an experimen-
tal chemotherapy protocol at the NTH. Neurologi-
cal examination was normal prior to entry into the
protocol. The treatment protocol comprised six
courses of 1,3-bis(2-chloroethyl)-1-nitrosurea
(BCNU) at a dosage of 200 mg/m?. The BCNU (100
mg) was dissolved in 3 ml of ethanol and diluted in
a volume of 140 ml of normal saline and injected
into the internal carotid artery on the side of the
tumor during diastole. The first course of treatment
was given in early February 1989 without incident.
Prior to the third treatment in May 1989 a mild ex-
pressive dysphasia and a cotton wool spot in the left
fundus were noted. On MRI after intravenous gado-
linium-diethylenetriamine pentaacetic acid (Gd-
DTPA), an increase in enhancement in the left fron-
tal lobe was seen when compared with the earlier
studies. The change was interpreted as evidence of
tumor progression and so the third treatment was
carried out as planned. Ten days later there was the
gradual onset, over hours, of right-sided weakness,
loss of vision in the left eye, and dysphasia. Treat-
ment with high dose corticosteroids and intrave-
nous heparin was begun but despite these therapies
2 days after the onset of symptoms there was a
dense right hemiplegia and aphasia. A fluorodeox-
yglucose (FDG)-PET scan carried out 4 days after
the development of symptoms showed a reduction
in glucose metabolism throughout the left cerebral
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hemisphere and crossed cerebellar hypometabolism
(diaschisis).

Despite extensive rehabilitation there was mini-
mal improvement. The patient is presently able to
walk but has a useless right arm and a severe apha-
sia. He has been followed with regular MR and
FDG-PET imaging studies at the NIH since entry
into the protocol. There is no evidence of tumor
recurrence in the left frontal lobe 4 years after di-
agnosis but there has been persistent right cerebel-
lar diaschisis on FDG-PET and progressive devel-
opment of left cerebral hemispheric atrophy (Fig.
1). Although ['"HIMRS imaging has been available at
our institution since mid-1991, it was not performed
on this man until November 1992, together with MR
and FDG-PET imaging, 3% vears after the onset of
hemiplegia.

['"HIMRS imaging was also done in seven normal
subjects: threc men and four women aged 25-41
years old with an average age 32 years. All but one
subject, a 41-year-old woman, were right handed.

MR Imaging

Spectroscopic data were collected using a GE
Signa MR unit (General Electric Medical Systems,
Milwaukee, WI, U.S.A.) at 1.5 T equipped with
shielded gradients and a quadrature head coil and a
point-resolved spectroscopy-chemical shift imaging
pulse sequence at echo time (TE) of 272 ms which
was developed at the NIH by Moonen et al. (8).
This sequence has been reported in detail previ-
ously and is only briefly outlined here. A 15 mm
axial (z axis) section was selected by the pulse se-
quence, with slice selection in the anteroposterior
and left-right dimensions. Phase-encoding gradient
pulses (17-19) allowed the determination of the lo-
cation of the signal sources within the axial plane.
Phase encoding was performed with a resolution of
32 x 32 over a field of view of 24 cm. The sequence
ultimately yielded an array of 1,024 ['H]spectra
from the plane of the selected tissue section. The
resolution, defined as section thickness times (field
of view/resolution)?, from which the spectra arose
was 0.8 cm®. The water signal was suppressed prior
to the localization pulses using frequency-selective
radiofrequency pulses and gradient pulses (20).

Gradient-echo [MPGR, repetition time (TR)
600, TE 30, 10° flip angle] MRI data were collected
after the patient was placed in the MR unit to aid in
prescribing the ['HIMRS imaging parameters. Fig-
ure 2a and ¢ shows the typical site for the ['H]MRS
imaging acquisition in the posterior fossa. The cho-
sen tissue slab was rectangular in shape and was
positioned to (a) minimize lipid signal from the sur-
rounding bone in the posterior fossa and (b) include
the middle cerebellar peduncles (MCPs) and fourth
ventricle in the middle part of the 15 mm tissue
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FIG. 1. A 38-year-old man with chronic cerebsllar di-
aschisis. a: Two transaxial T1-weighted images (TR 600,
TE 16) at 0.5 T. There is no cerebellar hemispheric atro-
phy (left image) but left inferior temporal lobe is atro-
phic; higher section (right) shows extensive atrophy of
left cerebral hemisphere with ex vacuo ventricular dila-
tation. b: Transaxial FDG-PET images at same level as
MR images in (a) show marked reduction in glucose
utilization in right cerebeliar hemisphere, left temporal
lobe (left), and left cerebral hemisphere with preserva-
tion of glucose metabolism in right cerebral hemisphere
{right images). (Color bar indicates glucose utitization
rates in mg glucose/100 gm tissue/min.)

section. The static (B,) field homogeneity over the
chosen tissue slab was adjusted with an automated
routine provided in the Signa research package. The
spectroscopic data were collected using a TR of
2,000 ms and one acquisition per phase encode step
(34.1 min acquisition time). Tl-weighted and T2-
weighted axial tissue sections from the chosen tis-
sue section were also acquired for both patient and
normal subjects.

Clinical MRI Ti-weighted (TR 600, TE 16}, T2-
weighted (TR 2,583, TE 40/100), and Ti-weighted
sequences after (0.1 mmol/kg) intravenous Gd-
DTPA (Magnevist, Berlex Laboratories, Cedar
Knolls, NJ, U.S.A.) were also performed in the pa-
tient at 0.5 T (Picker Vista HP, Highland Heights,
OH, U.S.A.). The study was done, with the orien-
tation of the sections in the same plane as the PET
studies, at a second appointment, at least 72 h prior
to the ['H]MRS imaging study.

Spectroscopic Data Processing

Raw spectroscopy data were reconstructed on a
SUN workstation (SUN Microsystems, CA,
-S.A.) using software developed at our institution.
The k-space data array was baseline corrected and
the spatial k-space domain was filtered using a sine-
‘bell function. A two-dimensional Fourier transform
was applied to the spatial domain to produce a 32 X

32 array containing the time domain data from the
voxels. Residual water signals were filtered from
these time domain data using a previously described
algorithm (21,22). Zero filling the time domain in
each element to 2,048 points and Fourier transfor-
mation yielded a 32 x 32 array of spectra. Further
analysis was performed on magnitude corrected
spectral data. It was necessary to bring the fre-
quency axes of the various spectra into registration
because of static (B,) field variation over the imaged
region. This was done using a combination of auto-
mated and interactive algorithms for identifying the
Jocation of the NAA, choline, or other signals in the
relevant spectra. Spectra in which these signals
could not be identified (e.g., outside the selected
volume and voxels located on or near the skull sur-
face) were nulled so that these data did not appear
in the final spectroscopic image. In each remaining
spectrum the magnitude of the signal strength
within 0.1 ppm on each side of the choline, creatine,
NAA, and lactate signal positions was integrated to
produce four 32 x 32 arrays showing spatial varia-
tion of the strengths of the signals in these regions.
These metabolite maps were transferred to a Mac-
intosh computer where they were subjected to fur-
ther region of interest (ROI) analysis using software
developed at the NIH (MacSIMAP v1.1.7). The
MPGR, T1-, and T2-weighted image sections were
also imported into this environment for anatomical
correlation of the ['"H]MRS imaging data.

J Comput Assist Tomogr, Vol. 18, No. 5, 1994
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FIG. 2. Metabolite maps and representative spectra for a normal volunteer and patient. Spectra are from single voxels (7 x 7 x
15 mm) from two locations in each cerebellar hemisphere and are indicated by arrows in (a). Location (i) is middie cerebellar
peduncle (MCP) adjacent to fourth ventricle, location (ii) is white matter of cerebellar hemisphere. a: A 32-year-old right-handed
normal woman. (Note for both normal volunteer and patient studies shown here, the posterior fossa regions studied are indicated
by rectangular box overlaid onto Tt-weighted image and metabolite maps. Rectangular volume of interest in relation to the 32
X 32 grid is also shown. Regions of highest metabolite concentrations appear red and lowest concentrations are agreen-blue.)
T1 image shows that part of pons, fourth ventricle, MCPs, and cerebellar hemispheres are included in metabolite data sets. The
NAA metabolite map shows prominent NAA signal in region of MCPs adjacent to signal void from fourth ventricle with lower NAA
signals from white matter and cerebelilar hemispheres. For choline plus creatine (cho + cre) map, higher metabolite concen-
trations are seen in region of cerebellar hemispheres with lower signal concentrations in white matter and MCPs. b: Normal
volunteer in (a). Note in spectrum from right cerebellar white matter (right ii) the choline and creatine signal intensities are not
as clearly separated from each other as in the three other spectra shown for this study. ¢: Metabolite maps for patient. There is
marked reduction in NAA signal intensity in right cerebellar hemisphere but relative preservation of NAA signal intensity in left
MCP and white matter. Minimal asymmetry between diaschitic (right) and uninvolved hemisphere (left) for cho + cre signal
intensities is apparent. d: Spectra from patient. Locations are identical to those in normal volunteer.
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The metabolite maps were analyzed qualitatively
and quantitatively. In the patient the cerebellar
hemisphere opposite the supratentorial lesion was
regarded as the diaschitic hemisphere. Metabolite
signal amplitudes of the diaschitic hemisphere were
compared with the opposite cerebellar hemisphere.
The same procedure was carried out for the normal
subjects and the left hemisphere was compared with
the right cerebellar hemisphere. In these posterior
fossa data sets the choline and creatine peaks, in

some instances, were broad due to the limited B,
inhomogeneity characteristics of the posterior fossa
and could not be clearly separated from each other
in every case (Fig. 2b). The choline and creatine
signal intensitics were therefore summed for each
study. Thus, choline plus creatine signal intensities
on the left were compared with those on the right.
Quantitative data were obtained by the placement
of a large (5 x 7 voxels) rectangular ROI in each
cerebellar hemisphere to include the MCP and cer-

J Comput Assist Tomogr, Vol. 18, No. 5, 1994
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ebellar cortex, and an identical ROI was positioned
in the corresponding location in the opposite hemi-
sphere.

Finally, the metabolite maps were interpolated to
256 % 256 and smoothed using MacSIMAP for pre-
sentation as illustrations in this paper.

FDG-PET

The FDG-PET studies were performed on a
Scanditronix PC 2048-15B (SC2) (Scanditronix,
Uppsala, Sweden) 15 section tomograph with 6 mm
in-plane resolution and 6 mm section thickness.
Transmission scans were done to measure attenua-
tion. Our FDG-PET technique has been described
in detail elsewhere (16). Patients are fasted for at
least 6 h before the study. During the study, blood
is sampled from an arterial catheter placed in the
radial artery at the wrist. A dose of FDG (185 MBq)
is injected via a peripheral intravenous line in the
opposite arm while the subject lies in a dimly lit
room. The patient’s head is immobilized by a ther-
moplastic mask molded to the contours of the head.
The scanning plane is parallel to the canthomeatal
line and throughout the examination the patient’s
eyes and ears are patched. Emission data are ac-
quired after a 30 min uptake period. Glucose meta-
bolic rates were calculated using a modification (23)
of the Sokoloff three-compartment model (24) and
the gray matter rate constants k; 0.1020, k, 0.1300,
k; 0.0620, and k, 0.0068. The lumped constant value
was 0.418. Measurements of glucose utilization in
posterior fossa structures were performed using a
method and template described in an earlier study
(16).

RESULTS

Imaging studies for the patient are shown in Figs.
I and 2. Magnetic resonance imaging shows exten-
sive left cerebral hemispheric atrophy but without
crossed cerebellar atrophy. On FDG-PET there is a
marked reduction in glucose utilization in the left
cerebral and the right cerebellar hemisphere.

Metabolite maps and representative spectra for a
normal right-handed woman and the patient are
shown in Fig. 2. Qualitative assessment of the me-
tabolite maps of the normal subjects showed that
the distribution of NAA differed from that of
choline and creatine. N-Acetyl-aspartate was more
prominent in the MCPs and white matter than in the
more peripheral cerebellar cortex (Fig. 2a). For
choline and creatine maps, signal intensities were
more prominent in the cerebellar cortex, seen as a
rim around the cerebellar hemispheres and in the
vermis, and less obvious in the MCPs and white
matter. In the region of the fourth ventricle signal

J Comput Assist Tomogr, Vol. 18, No. 5, 1994

intensities were absent. Although the dentate nuclei
are easily seen with FDG-PET on ["HJMRS imag-
ing, these nuclei were not identified. Lactate was
not detected in the cerebellar hemispheres or fourth
ventricles in either the patient or normal subjects.

A scatter plot of normalized values for NAA and
choline plus creatine signals for the patient and nor-
mal subjects is shown in Fig. 3. In the normal sub-
jects for NAA, left hemisphere values were less
than right in all but one case where the left-right
ratio was 1.04. For choline plus creatine, left hemi-
sphere values were also lower than right hemi-
sphere except for one subject where the ratio was
1.04. This was not the same subject as for NAA and
both subjects were right handed. For the patient,
reductions in NAA in the diaschitic cerebellar hemi-
sphere compared with the normal side was 20.3%;
for choline plus creatine there was only a 3% reduc-
tion in the diaschitic hemisphere but this reduction
was within the ratios seen for the normal subjects.

Glucose utilization rate (GUR), in mg glucose/100
g tissue/min, for the patient in the diaschitic cere-
bellar cortex was 6.55 compared with 10.18 in the
normal or uninvolved hemisphere, which is a 36%
reduction. In the cerebellar vermis GUR was 8.13.
Although the normal subjects in this study did not
have FDG-PET performed, we have previously re-
ported a left-right asymmetry of 1% in 22 normal
volunteers using the same methodology and PET
scanner (16).
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Normal subjects* Normal subjects
1.05 o) ©
2 g
g 8 *
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FIG. 3. Scatter plot of N-acetyl-aspartate (NAA) and choline
+ creatine values for the patient and normal subjects. For
normal subjects, left cerebellar hemisphere values are nor-
malized to right cerebellar hemisphere. For the patient, the
diaschitic cerebellar hemisphere is normalized to the unin-
voived hemisphere. *Two normal subjects had identical vai-
ues (0.93) for left-right NAA ratio, thus the appearance of
only six values.
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DISCUSSION

Our main findings are (a) in a patient with a 3 year
history of cerebellar diaschisis secondary to cere-
bral hemispheric chemonecrosis there was a
marked reduction in NAA signal intensity but only
minimal reduction in creatine and choline signal in-
tensities in the diaschitic cerebellar hemisphere. (b)
In normal subjects, NAA signal intensity is more
prominent in the MCPs and white matter of the cer-
ebellum rather than in the cerebellar cortex or ver-
mis and the converse is true for choline and creatine
signal intensities.

In 1980 Baron ct al. (11) were the first to describe
areduction in cerebellar blood flow and metabolism
contralateral to supratentorial infarctions using
['OJPET and they called the phenomenon
“crossed cerebellar diaschisis.”” Many PET inves-
tigators have since corroborated this work for blood
flow, oxygen metabolism, and glucose utilization
{13-16). Baron et al. postulated that the likely
mechanism for their observation was a transneu-
ronal metabolic depression due to interruption of
the corticopontocerebellar tract (CPC) (11). Recent
work in brain tumor patients with cerebellar di-
aschisis showed that there is relative glucose hypo-
metabolism in the brain stem ipsilateral to the tumor
at the site of the first CPC synapse (16) and further
supports this hypothesis. Early studies suggested
that NAA is localized to neurons (25,26) and re-
cently this has been confirmed (27). We therefore
hypothesize that (a) the loss of afferent input to the
second order neuron in the CPC has resulted in a
transneuronal reduction in the NAA signal in the
diaschitic cercbellar hemisphere. We believe that
ours is the first in vivo demonstration in humans of
a transsynaptic effect detected with ['H]MRS imag-
ing. Although the data have only appeared in ab-
stract form, the in vitro spectroscopic work of
Rango et al. provide further support for our study
(28). They were able to demonstrate a reduction in
NAA/creatine ratios in contralateral lateral genicu-
late body and superior colliculus nuclei 72 h after a
stretch injury to guinea pig optic nerve. (b)
N-Acetyl-aspartate is more heavily concentrated in
the axon of the neuron than the soma.

The cerebellar white matter consists of fibers: (a)
association fibers that connect regions within the
cerebellum, (b) projection fibers in the cerebellar
peduncles, and (c) axons of the Purkinje celis (29).
The largest projection fiber tract is the MCP and it
. contains afferent (mossy) fibers, which arise from
contralateral pontine nuclei as the second order
neurons in the CPC. The mossy fibers end in syn-
apses in the cerebellar cortex (30). Baron et al. (11)
also suggested that the cerebellar asymmetry may
- be the metabolic correlate of crossed cerebellar at-
rophy (CCA) (31,32). Although this hypothesis re-
mains unproven, it raises the question: ‘“‘Could our

findings be due to partial volume effects and CCA in
the diaschitic cerebellar hemisphere?” We believe
this is not the case because in our patient CCA was
not seen on MRI (Fig. 1); however, it does not dis-
count that CCA may develop in this man in the
future. Tien and Ashdown recently reported that in
8 of 26 patients with cerebellar diaschisis seen on
FDG-PET imaging there was evidence of atrophy in
the diaschitic hemisphere on MRI at 1.5 T (33). The
illness duration for their patients with atrophy was
relatively long and ranged from 6 to 15 years (aver-
age 9.5 years), and all patients had marked contra-
lateral supratentorial hemispheric atrophy. Such
profiles are consistent with neuropathological data
(31,32) where CCA is a rare finding and appears to
develop many years after a unilateral cerebral in-
jury. However, Tien and Ashdown do not address
the issue of cause and effect because their patients
were not studied longitudinally with FDG-PET im-
aging from the onset of the cerebral injury and so
the asymmetry in glucose utilization in the eight
cases they report might in fact be due to partial
volume effects (33).

The choline signal intensity is thought to include
contributions from glycerophosphocholine, phos-
phocholine, and possibly phosphatidylcholine,
which are components of phospholipid metabolism
and well represented in cell membranes (26,34). The
creatine signal intensity includes creatine and phos-
phocreatine and is important in cell energetics
(26,34). Therefore, it is not surprising that the dis-
tribution of choline plus creatine signal intensities
shows clear localization to the densely cellular cer-
ebellar gray matter of the hemisphere and vermis
(Fig. 2) for the patient and normal subjects. Frahm
et al. reported regional findings in normal subjects
using localized volume techniques in the insula, oc-
cipital lobe, thalamus, and cerebellum (35). They
found regional differences for NAA signal intensi-
ties between gray and white matter areas (higher
concentrations) and thalamus and cerebellum
(lower concentrations). But they did not find major
differences between gray (insula) and white matter
(occipital lobe) regions or regional differences for
choline and creatine signal intensities between the
same areas. However, their study was compro-
mised because of the partial volume errors encoun-
tered using MRS and large volumes of interest.

Although there was left-right asymmetry for
choline plus creatine signal intensities as well as for
NAA metabolite signals in the majority of normal
subjects the number of normal subjects is small and
we hesitate to draw inferences from this small sam-
ple. However, a striking observation is the obvious
disparity between the reduction in NAA signal in-
tensity and relative preservation of choline and cre-
atine signal intensities in the diaschitic hemisphere
of the patient. The reason for this is unclear but
possible explanations include (a) The cerebellar

J Comput Assist Tomogr, Vol. 18, No. 5, 1994
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cortex is not atrophic, i.e., there is no transneuronal
degeneration of the third order neurons of the CPC
and the cellularity of the cortex is unchanged. (b)
Choline and creatine signal intensities are indepen-
dent of afferent input. It is possible that a reduction
in either metabolite might have been masked be-
cause we were forced to sum the choline and cre-
atine peaks. The posterior fossa remains a difficult
region to study with ['"H]MRS imaging; the broad-
ening of the choline and creatine peaks (Fig. 2b
and c¢) in some of the studies would have introduced
errors if the metabolites were measured individually
with the choline signal partially contaminating the
creatine signal and vice versa. We thus chose to
sacrifice specificity by summing the peaks. The ap-
plication of curve-fitting algorithms may help re-
solve this problem but technical limitations prohib-
ited their implementation for this study (36).
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